Abstract: Position control is usually achieved using a position controller and a profile generator. The profile generator produces a desired position trajectory from a position reference and predefined profiles. The position controller forces the actual position to trace the generated position trajectory. A time-based profile generator is the most famous profile generator due to its capability of generating various profiles. However, time base difference in analysis and implementation causes a steady-state error. In order to remove the steady-state error, this paper proposes a novel profile generator for a trapezoidal velocity profile generation. The proposed generator is based on a cascaded P-PI position controller which is designed to trace the position reference. A dynamic range limiter is adopted to provide the acceleration and velocity restrictions which are basic functions for generating the trapezoidal profile. In spite of these restrictions, it cannot make a desired velocity profile only using the limiter because deceleration point is inaccurate. To adjust the deceleration point, a feedback compensator is designed which requires the velocity of the deceleration point. The velocity of the deceleration point is estimated from the initial position error. The compensator moves the deceleration point to the appropriate point which can generate the desired velocity profile. The proposed profile generator can remove the steady-state error, and the position response can be easily adjusted to be either overdamped or underdamped by selecting the two gains appropriately. Several experimental results are presented to verify the usefulness of the proposed generator.
Introduction
Position control is a widely used control strategy in many applications such as elevators, machine tools, and robots. In position control, an important issue is how to achieve fast and precise position response. To achieve the desired position response, many papers have proposed various kinds of profiles. A trapezoidal velocity profile has a constant acceleration, velocity and deceleration regions. When the region changes, a large jerk causes vibrations which restrict position accuracy and require additional response time [1] [2] [3] . S-curve and sinusoidal velocity profiles restrict the jerk to a finite value to reduce the vibrations [3] [4] [5] [6] [7] [8] . The residual vibrations of the S-curve profile can be reduced by an asymmetrical S-curve (AS-curve) and a high order polynomial S-curve profiles. The AS-curve profile reduces the vibrations with fast acceleration and slow deceleration [9] . The high order polynomial S-curve profile generates a smoother profile by increasing the number of cascaded integrators [1] . However, the trapezoidal velocity profile is one of the popular profiles due to its simple structure and fast response. Studies for overcoming the disadvantages of the profile are still under way [10, 11] .
Contrary to the many studies about the profile kinds, profile generation methods are still rare. Most papers employ a time-based profile generator as the profile generation method. The time-based profile generator calculates key times at which basic value changes according to the predefined profiles and position reference. Using the key times and predefined profile, a basic value profile is generated. Then, the other profiles are produced step by step by using integral operations. In the trapezoidal velocity profile, the basic profile is a jerk profile. From the jerk profile, acceleration, velocity and position profiles are produced. This method is suitable for generating various profiles by increasing the number of key times. However, this method also has a disadvantage caused by the time base difference [12] . Normally, the key time of the time-based profile generator is considered to be a continuous time when a profile is designed mathematically. But the key time can be represented only as a discrete time when the profile is implemented in a real hardware system. This causes an error between the position reference generated by the profile generator and the input reference. This error is difficult to be removed by the time-based profile generator. The profile generators in [13, 14] remove the reference error by changing the profile generation method. In deceleration region, the profile generator is switched over to a distance-based profile generator from the time-based generator. The distance-based profile generator can remove the reference error. However, this method increases the complexity of the generator and causes a discontinuous problem at changing from the time-based to the distance-based. In [15] , a profile generator based on the three-dimensional state-space is proposed for time-optimal control. Because the state-space includes the actual position, the generator can remove the reference error. But the method is designed to produce a profile which is similar to the S-curve profile.
To remove the reference error of the time-based profile generator for producing the trapezoidal profile, this paper proposes a novel profile generator based on a cascaded P-PI position controller. The controller can trace the position reference without a position error, but it does not provide acceleration restriction. Only, velocity restriction is supported by a limiter. To add acceleration restriction, a limiter with a dynamically changing restriction range is introduced. Although the limiter can keep the maximum value of acceleration within a predefined value, it does not make the desired velocity profile. An unwanted velocity profile is generated from the difference between the deceleration ratio of the P-position controller and the dynamic range limiter. For matching the deceleration ratios, a compensator is designed using the mathematical analysis. The compensator needs the velocity reference of the limiter and the velocity of the deceleration start point. The reference can be easily obtained by using a feedback scheme. But the velocity of the deceleration start point is unknown. It is possible to estimate the velocity from the initial position error. The proposed method can make the desired trapezoidal velocity profile with no position and reference error. In addition, the compensation and estimation gains can change the response characteristics. An overdamped response is suitable for a smooth landing. The fast response time can be achieved with an underdamped response. The feasibility of the proposed profile generator is shown by several experimental results.
Trapezoidal Velocity Profile Using a Time-Based Profile Generator
The trapezoidal velocity profile has a constant acceleration, velocity and deceleration. As shown in Figure 1a , in the constant acceleration region, the acceleration is the maximum positive value, a mmax , until the velocity reaches the maximum value, ω mmax . After the constant velocity region where the acceleration and velocity are zero and the maximum value respectively, the velocity decreases to zero with the maximum deceleration, −a mmax . However, the profile sometimes has to be a triangular velocity profile depending on the magnitude of the position reference. If the magnitude of the position reference is not large enough, the constant velocity region is not only unnecessary but also the acceleration and deceleration regions are shortened. Hence, the profile consisting of only the constant acceleration and deceleration regions has a triangular shape as shown in Figure 1b . When implementing the trapezoidal velocity profile using the time-based profile generator, the time of the constant acceleration and velocity regions, tacc and tconst, should be controlled precisely. According to the times, the profile divides into the three regions and outputs the maximum acceleration, deceleration, or zero value as acceleration. From the acceleration output, the velocity and position profiles are generated by integration operations. Normally, these times are calculated from the position reference, θm * , as follows: 
However, these times are not accurately implemented due to the difference in time bases. The calculation is based on the continuous time, whereas the implementation uses the discrete time. The implementable time has to be represented with a control period and a positive integer because the controller estimates the time by counting the number every control period. Hence, the ideally calculated times must be converted into the implementable times as (3) and (4) . In this step, it is inevitable that time errors occur. 
where Tacc and Tconst are the time of the constant acceleration and velocity regions on the discrete time base, respectively. Ts means the control period. Δtacc and Δt'const are the time errors resulting from the rounding. t'const is the time of the constant velocity region on the continuous time base when the acceleration region time is Tacc. Then, t'const is defined as follow: When implementing the trapezoidal velocity profile using the time-based profile generator, the time of the constant acceleration and velocity regions, t acc and t const , should be controlled precisely. According to the times, the profile divides into the three regions and outputs the maximum acceleration, deceleration, or zero value as acceleration. From the acceleration output, the velocity and position profiles are generated by integration operations. Normally, these times are calculated from the position reference, θ m * , as follows:
However, these times are not accurately implemented due to the difference in time bases. The calculation is based on the continuous time, whereas the implementation uses the discrete time. The implementable time has to be represented with a control period and a positive integer because the controller estimates the time by counting the number every control period. Hence, the ideally calculated times must be converted into the implementable times as (3) and (4) . In this step, it is inevitable that time errors occur.
where T acc and T const are the time of the constant acceleration and velocity regions on the discrete time base, respectively. T s means the control period. ∆t acc and ∆t const are the time errors resulting from the rounding. t const is the time of the constant velocity region on the continuous time base when the acceleration region time is T acc . Then, t const is defined as follow:
The critical problem which can be caused by the time errors is a position reference disturbance in steady-state. The velocity and position profiles of the time-based profile generator entirely depend (5) and the equation about the steady-state position reference, a reference error is derived as follow:
Since the time errors are determined by the input position reference, the maximum velocity and acceleration, it is difficult to know the reference error without the specific value of these parameters. But the maximum reference error which can occur regardless of the parameters is able to obtained. In (3) and (4), it is well known that the rounding makes a difference of up to 0.5 between the input and output. It means that the maximum magnitude of the time error is half of the control period, T s /2. When the half of the control period substitutes for the time errors, the maximum magnitude of the possible reference error is obtained as (7) . Usually, the constant acceleration region time is much larger than the control period. Then, a mmax T s 2 /4 is negligible and the maximum possible reference error is only proportional to the maximum velocity and control period.
The condition for the triangular velocity profile generation is derived from (4). The constant velocity region time must be larger than zero to maintain the trapezoidal shape. Therefore, if the condition in (8) is satisfied, the generator produces the triangular velocity profile.
The constant acceleration region times on the continuous and discrete time bases are represented by (9) and (10) respectively. In a similar manner to the analysis about the reference error of the trapezoidal velocity profile, the reference error and the maximum possible reference error are derived as (11) and (12) . The maximum possible reference error of the triangular profile is also proportional to the velocity and control period as given by (12) .
where t acc and T acc are the constant acceleration region times of the triangular profile on the continuous and discrete time base, respectively. ∆t acc is the acceleration region time error. Figure 2 shows the reference error calculated from (3), (4) , and (9) and the maximum possible reference error of (7) and (12) when the control period, the maximum velocity and acceleration are [deg] , the profile has the triangular shape. The maximum error of the triangular profile is not fixed to one value because the velocity at t acc varies depending on the position reference. The larger position reference, the larger maximum error. If the velocity at t acc has the maximum value, the maximum possible error is the largest among the errors of the trapezoidal and triangular profiles. The maximum possible error of the trapezoidal profile is half of the largest error in the triangular profile. In conclusion, using the time-based profile generator can be limited for some applications which require high position accuracy. To increase the position accuracy of the generator, the maximum velocity, control period, or both should be reduced. However, the reduction of the maximum velocity increases the position response time. And, the control frequency is limited by the hardware performance. Figure 2 shows the reference error calculated from (3), (4) , and (9) and the maximum possible reference error of (7) and (12) when the control period, the maximum velocity and acceleration are 100 [us] , 2000 [rpm] , and 10,000[rpm/s] respectively. The detail values of the reference error are not distinguished, but the error does not exceed the maximum possible error. Until the position reference of 2,400[deg], the profile has the triangular shape. The maximum error of the triangular profile is not fixed to one value because the velocity at t'acc varies depending on the position reference. The larger position reference, the larger maximum error. If the velocity at t'acc has the maximum value, the maximum possible error is the largest among the errors of the trapezoidal and triangular profiles. The maximum possible error of the trapezoidal profile is half of the largest error in the triangular profile. In conclusion, using the time-based profile generator can be limited for some applications which require high position accuracy. To increase the position accuracy of the generator, the maximum velocity, control period, or both should be reduced. However, the reduction of the maximum velocity increases the position response time. And, the control frequency is limited by the hardware performance. 
Proposed Velocity Profile Generator
In this paper, a novel profile generator based on the conventional cascaded P-PI position control is proposed. Although the convention P-PI position controller [16] does not make any specific profile, it can trace the position reference without position error. The conventional P-PI controller includes a limiter which is located between the P-position controller and PI-velocity controller to prevent the over velocity. In this scheme, the easiest way to restrict the acceleration within the maximum value is to replace the limiter with a dynamic range limiter as shown in Figure 3 . The upper and lower limitation value, ωupper and ωlower, are defined as (13) . When the velocity reference does not exceed the maximum value, this limiter operates as the acceleration limiter by increasing or decreasing the velocity reference within the predefined constant ratio. In addition, it can provide the velocity limitation by restricting the value of the upper and lower limit to the maximum velocity.
where ωm* is the velocity reference. k and k−1 mean the current and previous control points. 
In this paper, a novel profile generator based on the conventional cascaded P-PI position control is proposed. Although the convention P-PI position controller [16] does not make any specific profile, it can trace the position reference without position error. The conventional P-PI controller includes a limiter which is located between the P-position controller and PI-velocity controller to prevent the over velocity. In this scheme, the easiest way to restrict the acceleration within the maximum value is to replace the limiter with a dynamic range limiter as shown in Figure 3 . The upper and lower limitation value, ω upper and ω lower , are defined as (13) . When the velocity reference does not exceed the maximum value, this limiter operates as the acceleration limiter by increasing or decreasing the velocity reference within the predefined constant ratio. In addition, it can provide the velocity limitation by restricting the value of the upper and lower limit to the maximum velocity.
where ω m * is the velocity reference. k and k − 1 mean the current and previous control points. However, even if the dynamic range limiter operates well as the acceleration and velocity limiters, the generated velocity shape may be different from the desired velocity profile. In the constant acceleration region, the velocity reference just increases with the maximum acceleration because the position controller output is much larger than the velocity reference. But, in the constant deceleration region, the position controller output converges to zero and conversion speed decides the profile shape. If the position controller output changes faster than the velocity reference, the position overshoot occurs as shown in Figure 4a . In the worst case, the position does not converge to the reference and it may even diverge. On the other hands, Figure 4b shows the velocity profile when the position controller output changes slowly. Since the velocity reference follows the output of the P-controller at the end of the deceleration region, additional time is needed to reach the position reference. When the average deceleration ratio of the position controller output is the maximum value during the deceleration region, it is possible to generate the desired velocity profile as shown in Figure 5 . The position controller output matches the velocity reference at the deceleration start time, tdec, and reaches zero at the settling time, tset. The velocity reference decreases to zero with the constant ratio and keeps zero after reaching zero. The desired velocity reference during the deceleration region can be represented by (14) . And, a condition for making the desired profile can be derived from (14) .
where tdec and tset are either tconst+tacc or t'acc, tconst+2tacc or 2t'acc in Figure 1 , depending on the profile kinds. However, even if the dynamic range limiter operates well as the acceleration and velocity limiters, the generated velocity shape may be different from the desired velocity profile. In the constant acceleration region, the velocity reference just increases with the maximum acceleration because the position controller output is much larger than the velocity reference. But, in the constant deceleration region, the position controller output converges to zero and conversion speed decides the profile shape. If the position controller output changes faster than the velocity reference, the position overshoot occurs as shown in Figure 4a . In the worst case, the position does not converge to the reference and it may even diverge. On the other hands, Figure 4b shows the velocity profile when the position controller output changes slowly. Since the velocity reference follows the output of the P-controller at the end of the deceleration region, additional time is needed to reach the position reference. However, even if the dynamic range limiter operates well as the acceleration and velocity limiters, the generated velocity shape may be different from the desired velocity profile. In the constant acceleration region, the velocity reference just increases with the maximum acceleration because the position controller output is much larger than the velocity reference. But, in the constant deceleration region, the position controller output converges to zero and conversion speed decides the profile shape. If the position controller output changes faster than the velocity reference, the position overshoot occurs as shown in Figure 4a . In the worst case, the position does not converge to the reference and it may even diverge. On the other hands, Figure 4b shows the velocity profile when the position controller output changes slowly. Since the velocity reference follows the output of the P-controller at the end of the deceleration region, additional time is needed to reach the position reference. When the average deceleration ratio of the position controller output is the maximum value during the deceleration region, it is possible to generate the desired velocity profile as shown in Figure 5 . The position controller output matches the velocity reference at the deceleration start time, tdec, and reaches zero at the settling time, tset. The velocity reference decreases to zero with the constant ratio and keeps zero after reaching zero. The desired velocity reference during the deceleration region can be represented by (14) . And, a condition for making the desired profile can be derived from (14) .
where tdec and tset are either tconst+tacc or t'acc, tconst+2tacc or 2t'acc in Figure 1 , depending on the profile kinds. When the average deceleration ratio of the position controller output is the maximum value during the deceleration region, it is possible to generate the desired velocity profile as shown in Figure 5 . The position controller output matches the velocity reference at the deceleration start time, t dec , and reaches zero at the settling time, t set . The velocity reference decreases to zero with the constant ratio and keeps zero after reaching zero. The desired velocity reference during the deceleration region can be represented by (14) . And, a condition for making the desired profile can be derived from (14) .
where t dec and t set are either t const + t acc or t acc , t const + 2t acc or 2t acc in Figure 1 , depending on the profile kinds. The position error, θerr, which is an input to the position controller can be derived from (14) as follow: 
At the deceleration start time, the position controller output is same as the velocity reference. Hence, the proportional gain of the position controller for the desired profile, Kpp0, is derived as (16) . The maximum acceleration value is determined considering the system requirements. The velocity reference at the deceleration start time is determined by the position reference. In result, the controllable parameter is only the proportional gain of the position controller, Kpp. However, because the proportional gain affects the position response characteristics, it is also hard to determine the proportional gain with the value of (16). 
Assuming that the velocity reference is fixed as the desired shape, the position controller outputs according to the proportional gains can be drawn as the waveform of Kpp1 or Kpp2 in Figure 5 . A larger or smaller gain makes the deceleration start time to be delayed or advanced than the desired time. This time mismatch causes the unwanted velocity shape as mentioned above. In order to generate the desired profile, the waveforms of Kpp1 and Kpp2 have to be redrawn as the waveform of Kpp0 using some compensations. And, the compensated position controller output must satisfy following two conditions. The first condition of (17) represents about the deceleration start time. At the deceleration start time, the compensated output should be the same as the velocity reference. The other is related to the constant deceleration. To keep the maximum deceleration, the compensated output should be less than or equal to the velocity reference during the deceleration. 
where ωmcom* and ωmfb are the compensated position controller output and the compensation velocity, respectively. From the two conditions and (15), the compensation velocity can be defined as follow: The position error, θ err , which is an input to the position controller can be derived from (14) as follow:
At the deceleration start time, the position controller output is same as the velocity reference. Hence, the proportional gain of the position controller for the desired profile, K pp0 , is derived as (16) . The maximum acceleration value is determined considering the system requirements. The velocity reference at the deceleration start time is determined by the position reference. In result, the controllable parameter is only the proportional gain of the position controller, K pp . However, because the proportional gain affects the position response characteristics, it is also hard to determine the proportional gain with the value of (16). (16) Assuming that the velocity reference is fixed as the desired shape, the position controller outputs according to the proportional gains can be drawn as the waveform of K pp1 or K pp2 in Figure 5 . A larger or smaller gain makes the deceleration start time to be delayed or advanced than the desired time. This time mismatch causes the unwanted velocity shape as mentioned above. In order to generate the desired profile, the waveforms of K pp1 and K pp2 have to be redrawn as the waveform of K pp0 using some compensations. And, the compensated position controller output must satisfy following two conditions. The first condition of (17) represents about the deceleration start time. At the deceleration start time, the compensated output should be the same as the velocity reference. The other is related to the constant deceleration. To keep the maximum deceleration, the compensated output should be less than or equal to the velocity reference during the deceleration.
where ω mcom * and ω mfb are the compensated position controller output and the compensation velocity, respectively. From the two conditions and (15), the compensation velocity can be defined as follow: The compensation velocity is related to the proportional gain of (16) . Equation (19) can be rewritten as (20) using (15) and (16) . The compensation velocity ideally removes the difference in the position controller output caused by the difference between the proportional gain and the required gain, and makes the compensated position controller output same as the output which can generate the desired velocity profiles. But it does not mean that the proportional gain is useless. The ideal trapezoidal or triangular profile on the discrete time base must have the steady-state error as same reason of the time-based generator. To remove the steady-state error, the velocity profile requires one more region which is called approach region in this paper. Hence, although the velocity profile could be hard to distinguish from the ideal profiles, the exact velocity profile is similar to one of the velocity shapes in Figure 4 . The proportional gain decides the response characteristics of the approach region.
The deceleration start time and the velocity at that time of (19) are unknown. And the velocity must be required for the compensation. If the profile is the triangular profile, it can be obtained as (21) from (15) . Especially, from the fact that the position variation of the acceleration and deceleration regions are the same, the velocity can be represented with the initial position error, θ err (0). In the trapezoidal profile, the velocity is the maximum value and the estimated velocity of (21) is wrong. But it is obvious that the estimated velocity is larger than the maximum value. Hence, the velocity at the deceleration start time can be estimated as (22) regardless of the profile kinds. Figure 6 shows the P-position controller including the proposed profile generation method. The initial position error is held when the position reference change is detected. From the initial position error and (22), the velocity at the deceleration start time is estimated. The estimated velocity and (19) consist of the main compensator. 
The compensation velocity is related to the proportional gain of (16) . Equation (19) can be rewritten as (20) using (15) and (16) . The compensation velocity ideally removes the difference in the position controller output caused by the difference between the proportional gain and the required gain, and makes the compensated position controller output same as the output which can generate the desired velocity profiles. But it does not mean that the proportional gain is useless. The ideal trapezoidal or triangular profile on the discrete time base must have the steady-state error as same reason of the time-based generator. To remove the steady-state error, the velocity profile requires one more region which is called approach region in this paper. Hence, although the velocity profile could be hard to distinguish from the ideal profiles, the exact velocity profile is similar to one of the velocity shapes in Figure 4 . The proportional gain decides the response characteristics of the approach region.
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The deceleration start time and the velocity at that time of (19) are unknown. And the velocity must be required for the compensation. If the profile is the triangular profile, it can be obtained as (21) from (15) . Especially, from the fact that the position variation of the acceleration and deceleration regions are the same, the velocity can be represented with the initial position error, θerr(0). In the trapezoidal profile, the velocity is the maximum value and the estimated velocity of (21) is wrong. But it is obvious that the estimated velocity is larger than the maximum value. Hence, the velocity at the deceleration start time can be estimated as (22) regardless of the profile kinds. are larger than 1, the deceleration start time occurs early and the position response is underdamped. On the contrary, small gains make overdamped position response.
Experimental Results
Some experiments for verifying the effectiveness of the proposed profile generator are performed with the experimental setup as shown in Figure 7 . Only the second back to back converter and Surface mounted Permanent Magnet Synchronous Motor (SPMSM) are used. The specifications of SPMSM are listed in Table 1 The gains of the estimator and compensator, Kest and Kcom, are ideally 1. But the gains have to be adjusted experimentally due to some errors caused by the velocity response characteristics and the time base difference. The gains can determine the position response characteristics. Ideally, when the gains are larger than 1, the deceleration start time occurs early and the position response is underdamped. On the contrary, small gains make overdamped position response.
Some experiments for verifying the effectiveness of the proposed profile generator are performed with the experimental setup as shown in Figure 7 . Only the second back to back converter and Surface mounted Permanent Magnet Synchronous Motor (SPMSM) are used. The specifications of SPMSM are listed in Table 1 Figure 9 . The position errors, θmtb*−θm, between the position reference generated by the time-based generator and the actual position converge to 0 regardless of the input position reference. As a result, the position controller can trace the generated reference. But, the reference errors, θm*−θmtb*, between the input position reference and the generated position reference are different depending on the input reference. As show in Figure 9a Figure 9 . The position errors, θ mtb * − θ m , between the position reference generated by the time-based generator and the actual position converge to 0 regardless of the input position reference. As a result, the position controller can trace the generated reference. But, the reference errors, θ m * − θ mtb *, between the input position reference and the generated position reference are different depending on the input reference. As show in Figure 9a The proposed method uses the compensator for matching the response characteristics of the position controller and the limiter. When the proportional gain of the controller is too large for the fast response, the limiter cannot follow the controller output. In Figure 10 , the controller output, Kppθerr, is too rapid to generate the desired profile. Before the compensation, the velocity would start to decrease at 310 [ms] . And, it generates an underdamped response. But after the compensation, the velocity starts to decrease at 250 [ms] . The compensated output, ωmcom * , changes slowly which is enough to generate the triangular shape. At the end of the deceleration region, the approach region exists. In this region, the velocity and compensated output trace the position controller output. The control results of the proposed method are shown in Figure 11 when the position references are same as Figure 8 . The compensation and estimation gains are adjusted to make an overdamped The proposed method uses the compensator for matching the response characteristics of the position controller and the limiter. When the proportional gain of the controller is too large for the fast response, the limiter cannot follow the controller output. In Figure 10 , the controller output, K pp θ err , is too rapid to generate the desired profile. Before the compensation, the velocity would start to decrease at 310 [ms] . And, it generates an underdamped response. But after the compensation, the velocity starts to decrease at 250 [ms] . The compensated output, ω mcom * , changes slowly which is enough to generate the triangular shape. At the end of the deceleration region, the approach region exists. In this region, the velocity and compensated output trace the position controller output. Figure 9c and d, which is similar to the analytical value. Hence, even if the position controller works well, the reference error can be caused by the time-based profile generator as mentioned in Section 2. The proposed method uses the compensator for matching the response characteristics of the position controller and the limiter. When the proportional gain of the controller is too large for the fast response, the limiter cannot follow the controller output. In Figure 10 , the controller output, Kppθerr, is too rapid to generate the desired profile. Before the compensation, the velocity would start to decrease at 310 [ms] . And, it generates an underdamped response. But after the compensation, the velocity starts to decrease at 250 [ms] . The compensated output, ωmcom * , changes slowly which is enough to generate the triangular shape. At the end of the deceleration region, the approach region exists. In this region, the velocity and compensated output trace the position controller output. The control results of the proposed method are shown in Figure 11 when the position references are same as Figure 8 . The compensation and estimation gains are adjusted to make an overdamped The control results of the proposed method are shown in Figure 11 when the position references are same as Figure 8 . The compensation and estimation gains are adjusted to make an overdamped response. The velocity shapes of the proposed method are very similar to the conventional method except the approach region. In Figure 11a , after 300 [ms], the velocity does not decrease directly to 0 but approaches 0 smoothly. The q-axis current also slowly increases to 0 after increasing to −2.5 [A] rapidly. This velocity and current waveforms are shown in the other figures. By the overdamped response, additional response times of about 30 [ms] are required than the conventional method for all references. The proposed method can produce a velocity profile which is similar to the original profile and is able to reach the reference smoothly. By the conventional profile generator, the actual position does not reach the reference of 1200 [deg] . But, as shown in Figure 11b , the actual position of the proposed method can reach the position reference. In cases of the trapezoidal profile as shown Figure 11c ,d, the proposed profile generator can produce the desired profile. Also, the actual positions reach the references. The characteristics of the approach region are maintained regardless of the magnitude of the position reference. response. The velocity shapes of the proposed method are very similar to the conventional method except the approach region. In Figure 11a , after 300[ms], the velocity does not decrease directly to 0 but approaches 0 smoothly. The q-axis current also slowly increases to 0 after increasing to −2.5 [A] rapidly. This velocity and current waveforms are shown in the other figures. By the overdamped response, additional response times of about 30[ms] are required than the conventional method for all references. The proposed method can produce a velocity profile which is similar to the original profile and is able to reach the reference smoothly. By the conventional profile generator, the actual position does not reach the reference of 1200 [deg] . But, as shown in Figure 11b , the actual position of the proposed method can reach the position reference. In cases of the trapezoidal profile as shown Figure 11c and d, the proposed profile generator can produce the desired profile. Also, the actual positions reach the references. The characteristics of the approach region are maintained regardless of the magnitude of the position reference. Figure 12 also shows the control results of the proposed method. But the compensation and estimation gains are decided for an underdamped response. In Figure 12a , the time of the constant acceleration region is several milliseconds longer than the time of Figure 11a . The time increase of the deceleration region is enough large to be distinguished. As the time increase of the deceleration region is larger than the time increase of the acceleration region, the velocity decreases to a negative value. It means the position overshoot occurs. "In Position Flag" of Figure 12a returns to 1 by three times. For the first time, the actual position reaches the reference at 290 [ms] . But the actual position exceeds the reference because the velocity is not 0 and is a positive value. The second occurs at 350 [ms] when the velocity is a negative value. So, the actual position moves down the reference. When the actual position converges to the reference, the flag is set to 1 finally. The characteristics of the other references in Figure 12b Figure 12a , the time of the constant acceleration region is several milliseconds longer than the time of Figure 11a . The time increase of the deceleration region is enough large to be distinguished. As the time increase of the deceleration region is larger than the time increase of the acceleration region, the velocity decreases to a negative value. It means the position overshoot occurs. "In Position Flag" of Figure 12a returns to 1 by three times. For the first time, the actual position reaches the reference at 290 [ms] . But the actual position exceeds the reference because the velocity is not 0 and is a positive value. The second occurs at 350 [ms] when the velocity is a negative value. So, the actual position moves down the reference. When the actual position converges to the reference, the flag is set to 1 finally. The characteristics of the other references in Figure 12b 
Conclusions
The time-based profile generator is widely used because it can provide the powerful solution for producing various profile kinds. However, the time base difference of the analysis and implementation reduced the position precision. The prediction of the exact position error was impossible without specifications of the system operation. The maximum possible position error was obtained from the control period and velocity. To remove the position error, this paper proposed the novel profile generator based on the cascaded P-PI position controller and the dynamic range limiter. When only the position controller and limiter were used, the proportional gain of the position controller must be selected as an appropriate value depending on the position reference and the maximum acceleration value. The compensator which has the feedback scheme including the velocity estimator could generate the compensated output for the desired profile regardless of the proportional gain. The proposed profile generator produced the triangular and trapezoidal profile without the steady-state error. The compensation and estimation gains could decide the position response to be the underdamped or overdamped. If the gains were determined for the overdamped response, the additional time was required. But smooth landing was possible. The gains for the underdamped response caused the disadvantages such as the position overshoot and rapid current change. It was possible to reduce the response time. The feasibility of the proposed profile generator was confirmed by several experimental results. 
